In this work, the degradation behavior of AZ91 magnesium alloy in five solutions including phosphate buffering solution ͑PBS͒, 0.9% NaCl solution, simulated body fluid ͑c-SBF͒, Hank's solution, and Dulbecco's modified eagle medium ͑DMEM͒ are systematically investigated. Our results show that AZ91 magnesium alloy exhibits a dramatically different degradation behavior in the five solutions. The concentration of buffering agents and the content of hydrocarbonates in test solutions primarily affect the degradation performance, especially the degradation behavior during the early stage. In DMEM and c-SBF with higher contents of buffering agents, the sample shows much more negative corrosion potentials compared to those in Hank's solution, 0.9% NaCl solution, and PBS. The initial degradation rates in DMEM and c-SBF are similar and much higher than those in PBS, 0.9% NaCl, and Hank's solution. Rapid reaction of OH − with the large amount of buffers in DMEM and c-SBF dramatically promotes transformation from Mg to Mg 2+ , constituting the main reason for the high degradation rates. Distinct corrosion morphology and corrosion products are present on the samples exposed to the five test solutions. Therefore, the proper selection of test solution with similar buffering capability and similar ingredients as biological fluids is imperative to the investigation of the degradation behavior of biomedical magnesium alloys. © 2010 The Electrochemical Society. ͓DOI: 10.1149/1.3421651͔ All rights reserved.
As magnesium alloys can degrade in physiological environment by corrosion, they have become promising candidates as biodegradable implants especially in load-bearing cases. Many in vitro and in vivo experiments have revealed that magnesium-based implants have good biocompatibility. [1] [2] [3] [4] [5] [6] However, pure magnesium and its alloys possess poor corrosion resistance and degrade too fast at physiological pH 7.4-7.2 as well as in physiological media containing high concentration of aggressive ions, thereby losing mechanical integrity before tissues have sufficient time to heal. 2, 3, 5, 7, 8 Much effort has been expended to understand the degradation process and associated mechanism in vitro and in vivo. Another important concern encountered in in vitro studies is the selection of the suitable test solutions. Presently, many types of simulated biological fluids are employed in in vitro experiments involving biomedical magnesium alloys, and examples are 0.9% NaCl solution, simulated body fluids ͑SBFs͒, Hank's solution, Dulbecco's modified eagle medium ͑DMEM͒, phosphate buffering solution ͑PBS͒, and so on. 2, 6, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] The corrosion behavior of magnesium alloys is very sensitive to the aggressive environment. 20 The 0.9% NaCl solution lacks other aggressive ions present in the natural physiological environment such as hydrocarbonates, hydrophosphates, and sulfates. Trishydroxymethylaminomethane͑tris͒ is often used in preparation of SBF but it is not present in human plasma. 21 DMEM contains various amino acids and glucose that are not present in PBS and SBF. Therefore, the choice of the test solution is expected to impact the results, and it is thus important to perform a systematic investigation to identify the exact differences of degradation performance of magnesium alloy in different test solutions and find out the most appropriate one.
In this work, the degradation behavior of AZ91 magnesium alloy is systematically investigated in five test solutions, namely, 0.9% NaCl solution, SBF, Hank's solution, PBS, and DMEM. The different corrosion behavior and related mechanism are investigated. This study, which provides important knowledge to aid our understanding of the degradation characteristics and elucidates the corrosion mechanism of biomedical magnesium alloys in various media, is expected to expedite and broaden the clinical applications magnesium alloys.
Experimental
Sample preparation.-Die cast AZ91 magnesium alloy was used in the experiments and its composition is listed in Table I . The materials were cut into two sizes, 15 ϫ 15 ϫ 3 mm blocks and 10 ϫ 10 ϫ 5 mm blocks. The samples were ground with #4000 water proof diamond paper, polished, and then ultrasonically cleaned in alcohol.
Five test solutions including c-SBF, Hank's solution, PBS, 0.9% NaCl solution ͑denoted as NaCl solution in this paper͒, and DMEM were used. The five test solutions nearly cover all types of simulated biological fluid used presently. The concentrations of aggressive ions and the contents of buffer agents differ from each other dramatically. DMEM ͑cart no. 12430047͒ was bought from Invitrogen, Co. The other four solutions were prepared by dissolving reagentgrade chemicals in double distilled water and buffered at pH ϳ 7.42. The procedures to prepare the c-SBF can be found elsewhere. 21 The ion concentrations in the five solutions are presented in Table II .
Electrochemical tests.-Electrochemical tests were conducted on an electrochemical work station using a three-electrode cell with the sample as the working electrode, a Pt sheet as the measuring electrode, and a calomel electrode as the reference electrode. A 2 mV/s potential scanning rate was used. Upon contact with the test solution, surface corrosion took place right away and, therefore, the potential scanning started immediately as soon as the sample was immersed into the test solutions. The open-circuit potentials in the five test solutions as a function of immersion time were recorded every 40 s for four days. All the electrochemical tests were carried out at an ambient temperature 37 Ϯ 0.5°C.
Degradation rate measurements.-Upon exposure to aqueous solutions, the following reaction takes place 20 Mg + 2H 2 
The volume of emitted hydrogen during immersion is related to magnesium dissolution. The corrosion products do not influence the relationship between hydrogen evolution and magnesium dissolution and so the dissolved magnesium can be calculated from the volume of evolved hydrogen. This method ͑usually called hydrogen evolution method͒ is reliable, easy to implement, and not prone to errors inherent to the weight loss method. 20 In addition, the hydrogen evolution method allows studying the variation in the degradation rate vs exposure time. It has been verified that dissolved oxygen does not influence the evolution of hydrogen 20 and thus the experiments were carried out without deaeration. Figure 1 schematically illustrates the hydrogen evolution method. To obtain better statistical results, three groups of samples with a total exposure area of 12 cm 2 were soaked in each test solution ͑200 mL͒ for four days and then were put into an incubator keeping an ambient temperature of 37 Ϯ 0.5°C. The z E-mail: ycxin@cqu.edu.cn emitted hydrogen volumes and pH values of the solutions were measured as a function of immersion time.
Corrosion morphology and corrosion product analysis.-The samples after open-circuit potential evolution measurement were fully rinsed in double-distilled water, dried, and then observed under an optical microscope. The corroded surfaces after four days of immersion in the five solutions were also inspected by scanning electron microscopy ͑SEM͒. Elemental maps were acquired from the corroded surfaces using energy-dispersive X-ray spectrometry ͑EDS͒.
The phase constituents in corrosion product layers on the samples immersed in the five solutions for four days were determined by X-ray diffraction ͑XRD, Cu K␣ irradiation, 40 kV and 30 mA͒. The functional groups in the corrosion products were identified using Fourier transform infrared ͑FTIR͒ spectrometry.
Results and Discussion
Electrochemical behavior.-Potentiodynamic polarization curves obtained from the AZ91 magnesium alloy samples soaked in the five solutions are depicted in Fig. 2 and the corrosion potentials acquired form polarization curves are listed in Table III . The corrosion potential is most positive in the NaCl solution ͑about Ϫ1.493 V͒. The corrosion potential in Hank's solution ͑about Ϫ1.542 V͒ is slightly negative than that in the NaCl solution. The most negative corrosion potential is observed from DMEM ͑about Ϫ1.854 V͒. That in c-SBF ͑about Ϫ1.819 V͒ is slightly higher than that in DMEM and about 0.28 V higher than that in Hank's solution. There are similar concentrations of inorganic ions in c-SBF and Hank's solution. Therefore, the inclusion of tris-HCl in c-SBF is mainly responsible for the much lower corrosion potential in c-SBF compared to Hank's solution. The corrosion potential in PBS is around Ϫ1.662 V. The results reveal that different corrosion potentials can be observed from AZ91 magnesium alloy depending on the nature of the immersion solutions.
The open-circuit potentials obtained from the five solutions as a function of immersion time are shown in Fig. 3 . In the NaCl solution, the corrosion potentials do not increase even after four days of exposure but fluctuate during the whole measured duration. The fluctuations suggest that it is difficult for the electrode to achieve equilibrium at the electrode/solution interface. 22 In chloride containing solutions, chloride ions can transform the formed MgO/Mg͑OH͒ 2 into soluble MgCl 2 as well. 20 The breakdown of the protective MgO/Mg͑OH͒ 2 layer increases the active region on the surface leading to a sharp drop in the corrosion potential. The constant formation of protective Mg͑OH͒ 2 and the ensuing breakdown of Mg͑OH͒ 2 lead to the fluctuating corrosion potentials in the NaCl solution. Initially, the corrosion potentials in Hank's solution also fluctuate but in a small amplitude and subsequently move to the noble direction smoothly and gradually. Although sharp drops in the corrosion potential occur at about 205 and 290 ks ͑denoted by the arrows͒, no fluctuations appear subsequently. The sharp drop in the corrosion potential usually implies the presence of breakdown sites on the corrosion product layer. 20 In Hank's solution, insoluble carbonates and phosphates can also precipitate in the corrosion product layer besides Mg͑OH͒ 2 /MgO. 13 Unlike Mg͑OH͒ 2 , the magnesium/ calcium carbonates and phosphates cannot be destroyed by the chloride ions. Therefore, the breakdown sites are repaired gradually with constant precipitation of the corrosion products. In the c-SBF solution, the corrosion potentials are enhanced quickly in the early stage, and from ϳ80 ks, they almost do not increase albeit fluctuating within a small range. The corrosion potentials in DMEM increase rapidly first and decrease slowly after ϳ90 ks. From ϳ110 ks, the potentials are almost constant. In the PBS solution, the potentials also move to the positive direction rapidly initially. From ϳ40 ks, the corrosion potentials decrease slightly and then stabilize gradually. Although some sharp drops occur, no fluctuations are observed subsequently. When the corrosion potentials in the five solutions stabilize, the ones in DMEM and c-SBF are much more positive than those in PBS and Hank's solution. This probably suggests that more effective and protective corrosion product layers form on the samples exposed to DMEM and c-SBF.
Degradation rates.-The degradation rates of the samples exposed to the five solutions are illustrated in Fig. 4 . During the entire exposure duration, the corrosion rates in the NaCl solution do not change obviously. Initially, the degradation rate in Hank's solution is slightly higher than that in the NaCl solution. After a longer exposure, the corrosion rates drop quickly and stabilize after ϳ12 h. The degradation rates in PBS also show a gradual decrease during the first 48 h and then stabilize afterward. The initial degradation rate in PBS is about 2 times higher than that in Hank's solution. During the first 2 h, the degradation rates in DMEM and c-SBF are similar and about 20 times higher than that in Hank's solution. In the following 2 h, both degradation rates drop rapidly. From about 24 h, the degradation rates in DMEM nearly become constant. The degradation rates in c-SBF become stable from ϳ72 h. Between 12 and 48 h, the degradation rates in c-SBF are much higher than those in DMEM. Similar degradation rates are observed after the corrosion rates in the five solutions stabilize. As discussed above, the damage of Mg͑OH͒ 2 and MgO by chloride ions in the NaCl solution makes it difficult to form an effective protective coating on the sample. Therefore, the corrosion rate in the NaCl solution does not slow down noticeably even after four days of immersion. In PBS, the precipitated magnesium phosphates cannot be destroyed by chloride ions and can provide effective protection from further attack. This is the main reason for the gradually decreasing corrosion rates during early exposure in PBS. Similar to PBS, the hydrocarbonates and hydrophosphates in c-SBF, DMEM, and Hank's solution can also result in the precipitation of insoluble carbonates and phosphates, forming the corrosion product layer. The precipitated carbonates and phosphates are both not influenced by chloride ions. Hence, the degradation rates in the three solutions drop with time initially. The degradation rates in c-SBF and DMEM are several tens of times higher than those in PBS, NaCl solution, and Hank's solution in the early stage. The reason is discussed later in this paper. Generally speaking, the convection and other transportation process in the test solution accelerate the corrosion rate during earlier stage. After the formation of thick corrosion products, the transportation process nearly does not disturb the corrosion process.
The pH values in the five solutions during degradation rate measurements are shown in Fig. 5 . Although lower corrosion rates take place in the NaCl solution, the pH values increase to 9.2 after 2 h of immersion. From about 2 h, the pH values drop gradually and finally stabilize at around 9.0. The NaCl solution has no buffering capability. Small amounts of OH − generated during Mg dissolution can DMEM also contains high concentrations of buffer agents such as hepes ͑N-͑2-hydroxyethyl͒piperazine-NЈ-ethanesulfonic acid, 5.96 g/L, 25 mM/L͒ and hydrocarbonates ͑44 mM/L͒ in addition to a small amount of hydrophosphates ͑ϳ0.9 mM/L͒. The rapid degradation rates and lower pH values in DMEM mainly result from consumption of OH − by the buffering agents as well. Therefore, it can be concluded that the higher concentration of buffer agents in c-SBF and DMEM relative to those in Hank's solution, PBS, and NaCl solution is the main reason for the much higher degradation rates in DMEM and c-SBF.
Corrosion morphology.-The corrosion morphologies of the samples after open-circuit potential measurement are observed by optical microscopy and the results are shown in Fig. 6 . In the NaCl solution, severe pitting corrosion takes place. The corrosion pits denoted by arrows expand both laterally and in depth. Generally, the dissolved magnesium goes to two places: the test solution and the corrosion product layer. Porous corrosion pits are seen on the sample exposed to c-SBF too. No pitting corrosion appears on samples immersed in PBS, Hank's solution, and DMEM. However, in PBS, there are many nearly uncorroded regions as denoted by the arrows. In chloride containing solution, the presence of pitting corrosion is well known for the attack of chloride ions and the inhomogeneous structure due to the inclusion of the second phase, M 17 Al 12 . It has been reported that hydrocarbonates and hydrophosphate ions can effective suppress the pitting corrosion of AZ91 magnesium alloy by forming insoluble corrosion products as carbonates and phosphates. 23 Thus, pitting corrosion is difficult to take place in the test solution of PBS and Hank's solution due to the inclusion of high contents of hydrocarbonates and hydrophosphate, respectively. c-SBF contains similar concentrations of hydrocarbonates and hydrophosphates as Hank's solution. The presence of pitting corrosion is probably linked to the high concentration of tris-HCl. As stated above, DMEM also contains a large amount of buffering agents such as hepes and hydrocarbonates ͑44 mM/L͒. High concentrations of hydrocarbonates as well as hepes also consume OH − , consequently accelerating magnesium dissolution, whereas the high concentration of carbonates can also induce fast passivation at severe corrosion sites due to rapid precipitation of insoluble carbonates, thereby suppressing pitting corrosion. 23 Therefore, the high concentration of hydrocarbonates ͑44 mM/L͒ in DMEM probably plays an important role for the absence of pitting corrosion. The above results also disclose that the pitting corrosion behavior of AZ91 magnesium alloy is not only related to the inherent structural inhomogeneity but also influenced by the environment.
The corroded morphology after immersion in the five solutions for four days is evaluated by SEM and the results are depicted in Fig. 7 . Elemental maps obtained by EDS are also displayed in Fig.  7 . A uniformly corroded surface with interlinked cracks is observed from the sample soaked in the NaCl solution. Mg and O are present in the corrosion products uniformly. It can be inferred that the surface is uniformly covered by MgO and Mg͑OH͒ 2 . In the vacuum chamber, irradiation by the electron beam induces water loss from the corrosion product and subsequent surface shrinkage produces cracks. 22 In Hank's solution, the exposed surface is uniform too and no cracks can be seen. A thick corrosion product layer is more likely to crack when it loses water by electron-beam radiation. Thus, it can be inferred that a thin corrosion product layer forms on the sample exposed to Hank's solution. A high intensity of Mg and weak O and P signals are observed from the corrosion product layer, also implying a thin corrosion product layer on the surface. The sample surface immersed in c-SBF exhibits nonuniform corrosion morphology with many bright regions embedded in the gray background. Many cracks are also observed. The white regions contain high amounts of P and O but low Mg concentration, suggesting a thick corrosion product layer. The gray areas have a high Mg concentration but low P and O contents, implying a thin corrosion product layer. The corrosion morphology and elemental distribution in the sample soaked in DMEM are similar to those of the sample immersed in c-SBF. The nonuniform corrosion morphology suggests that a nonuniform corrosion process takes place on the surface. Compared to the sample soaked in c-SBF, the corrosion morphology of the sample immersed in PBS is more uniform. Mg, P, and O tend to be distributed more uniformly too, but many cracks are also present.
Degradation products.-The XRD patterns acquired from the samples exposed to the five solutions for four days are shown in Fig.  8 . Only peaks from Mg and the secondary phase, Al 12 Mg 17 , are present in all the patterns, but information about the corrosion products is absent. The results suggest that the corrosion products are amorphous. FTIR spectroscopy is employed to identify the functional groups in the corrosion products and the results are presented in Fig. 9 . The broad absorption band from 3700 to 2500 cm −1 arises from the v 3 and v 1 stretching modes of hydrogen-bonded H 2 O, and the band at 1650 cm −1 is attributed to the v 2 binding mode of H 2 O molecules. 24 Modes at 1450 cm −1 ͑v 3 ͒ and 876 cm −1 ͑v 2 ͒ stem from CO 3 2− . 25 The absorption bands at around 570, 790, and 960-1200 cm −1 originate from PO 4 3− . A mode ͑around 526 cm −1 ͒ corresponding to the Mg-O bond is clearly discerned too. 26 In the NaCl solution, the main corrosion product is Mg͑OH͒ 2 . The presence of carbonates in the sample soaked in the NaCl solution is believed to result from the dissolution of CO 2 into the test solution from the ambient. In Hank's solution, the corrosion products are mainly composed of magnesium and calcium phosphates and carbonates in addition to Mg͑OH͒ 2 . Magnesium phosphates and Mg͑OH͒ 2 precipitate on the sample immersed in PBS. The corrosion products on the samples immersed in c-SBF and DMEM are similar, mainly consisting of phosphates, carbonates, and MgO.
The above results show that AZ91 magnesium alloy exhibits a dramatically different degradation behavior in different simulated biological fluids, especially the degradation performance during early exposure. Studies have demonstrated that the initial stability of the Mg-based implant surface is required for good cell adhesion. 
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Journal of The Electrochemical Society, 157 ͑7͒ C238-C243 ͑2010͒ C242 With regard to cell spreading and long-term survival, the chemistry and morphology become dominant. 16, 27 Hence, the selection of the suitable simulated biological fluid to determine the accurate degradation performance of magnesium alloys during initial exposure is crucial to the understanding of cell response and in vivo behavior. The body fluid is a system with good buffering capability. Our results also suggest that the buffering substances together with concentration of hydrocarbonates in these simulated biological fluids dramatically affect the degradation rate as well as the surface morphology and composition of the corrosion product layer, especially the degradation behavior in the early stage. Yamamoto and his colleagues have also found that the organic components in plasma such as amino acids influence magnesium degradation to some extent. 13 Obviously, the 0.9% NaCl solution is not a suitable solution to evaluate the degradation performance of biomedical magnesium alloys due to the lack of buffering capability such as hydrocarbonates, hydrophosphates, and organic components. Although Hank's solution contains similar contents of inorganic ions as body plasma, the concentration of hydrocarbonates in Hank's solution ͑ ϳ4.2 mM/L͒ is much lower compared to that in plasma ͑ ϳ27 mM/L͒. Hydrocarbonates constitute one of the most important buffers in body fluids and provide about 53% buffering capability of plasma. 28 Our previous study also discloses that hydrocarbonates with a concentration of 27 mM/L can dramatically stimulate early dissolution of magnesium due to consumption of OH − . However, hydrocarbonates with a concentration of 27 mM/L can also induce fast passivation at corrosion sites, suppressing pitting corrosion. 23 Therefore, the much lower concentration of hydrocarbonates in Hank's solution results in a much lower buffering capability than that of body plasma. It definitely makes the degradation measurement in Hank's solution not convinced. DMEM contains similar constituents as plasma. The hydrocarbonates in the presently used DMEM ͑Invitrogen Co., cart no. 12430047͒ is ϳ44 mM/L, which can provide similar buffering capability similar to that of biological fluids. The DMEM also contains large amount of strong buffering hepes. Thus, the buffering capability of the DMEM seems too high. There are various types of DMEM available commercially and the constituents vary considerably. It is believed that the DMEM with similar ingredients and buffering capability as body fluids is more appreciable. The c-SBF possesses a similar buffering capability as body fluids as well, 21 but whether the much lower concentration of hydrocarbonates compared to that in plasma influences the evaluation of the degradation performance of magnesium alloy is unknown. Another type of SBF, r-SBF, contains a similar content of hydrocarbonates ions as that in plasma may be more suitable. By the way, SBF does not contain organic substances that are present in body fluids.
Conclusion
The degradation behavior of AZ91 magnesium alloy in five test solutions including 0.9% NaCl solution, Hank's solution, PBS, c-SBF, and DMEM are systematically investigated. In the earlier stage, the degradation rates in c-SBF and DMEM are similar but ten times higher than those in Hank's solution, 0.9% NaCl solution, and PBS. The large amount of tris-HCl in c-SBF and high concentrations of hydrocarbonate and hepes in DMEM can quickly consume OH − generated during magnesium dissolution, thereby dramatically promoting transformation from Mg to Mg 2+ . The fast degradation rates in c-SBF and DMEM also induce nonuniform corrosion morphology. In the 0.9% NaCl solution and c-SBF, AZ91 magnesium alloy is more prone to pitting corrosion. Our results show that the buffering agents as well as the concentration of hydrocarbonates in simulated biological fluids have significant influence on the degradation behavior of biomedical magnesium alloys, especially the degradation behavior in the early stage. Hence, the proper selection of simulated biological fluids with similar buffering capability as well as similar constituents as body fluids is necessary to provide more accurate degradation characteristics on biomedical magnesium alloys. Among the five test solutions, DMEM is probably the most suitable for in vitro studies on the degradation behavior of biomedical magnesium alloy.
